Upon stimulation with alpha/beta interferon, rat cells synthesize three Mx proteins. Sequence analysis of corresponding cDNAs reveals that these three proteins are derived from three distinct genes. One of the rat cDNAs is termed Mxl because it is most closely related to the mouse Mxl cDNA and because it codes for a nuclear protein that, like the mouse Mxl protein, inhibits influenza virus growth. However, this protein differs from mouse Mxl protein, in that it also inhibits vesicular stomatitis virus (VSV), a rhabdovirus. A second rat cDNA is more closely related to the mouse Mx2 cDNA and directs the synthesis of a cytoplasmic protein that inhibits VSV but not influenza virus. The third rat cDNA codes for a cytoplasmic protein that differs from the second one in only eight positions and has no detectable activity against either virus. These results indicate that rat Mx proteins have antiviral specificities not anticipated from the analysis of the murine Mxl protein.
Upon stimulation with alpha/beta interferon, rat cells synthesize three Mx proteins. Sequence analysis of corresponding cDNAs reveals that these three proteins are derived from three distinct genes. One of the rat cDNAs is termed Mxl because it is most closely related to the mouse Mxl cDNA and because it codes for a nuclear protein that, like the mouse Mxl protein, inhibits influenza virus growth. However, this protein differs from mouse Mxl protein, in that it also inhibits vesicular stomatitis virus (VSV), a rhabdovirus. A second rat cDNA is more closely related to the mouse Mx2 cDNA and directs the synthesis of a cytoplasmic protein that inhibits VSV but not influenza virus. The third rat cDNA codes for a cytoplasmic protein that differs from the second one in only eight positions and has no detectable activity against either virus. These results indicate that rat Mx proteins have antiviral specificities not anticipated from the analysis of the murine Mxl protein. (8) . In fact, two such IFN-induced proteins have been implicated in inhibition of a distinct class of viruses. Cells constitutively expressing the 2'-5'oligoadenylate synthetase are nonpermissive for picomaviruses yet support the replication of other viruses (6) . Cells expressing the murine Mxl protein, a protein originally discovered in A2G mice (10) , are nonpermissive for orthomyxoviruses yet are permissive for other viruses, including rhabdoviruses (17, 23) . Of these two proteins, the Mxl protein is of particular importance because it is the quintessential host factor controlling influenza virus pathogenicity in mice in vivo: Mxl-positive mice able to synthesize authentic Mxl protein are resistant to influenza virus infection, whereas Mxl-negative mice with mutations in their Mxl gene are susceptible (for review, see reference 7) . However, such Mxl-negative mice can be rendered resistant to lethal influenza infection by germ line transformation with an Mxl cDNA (4) . The precise molecular mechanism for inhibition of influenza viruses is unknown, but it appears that an early step after entry and before accumulation of viral proteins is blocked (13, 16) .
Treatment of cells with interferon (IFN) usually results in
Mx genes are found in a variety of other organisms, including yeasts (19) (24) . Paradoxically, many of these Mx-containing species are not natural hosts for influenza viruses. It is conceivable that if their Mx proteins serve at all as antiviral proteins, they may have activities against other viruses.
We have shown earlier that laboratory rats have three IFN-inducible, Mx-related proteins (15) . At To obtain plasmids expressing the three rat Mx proteins and herpesvirus thymidine kinase (htk), the following fragments were ligated to flush-ended BamHI-cut pSS-1: (i) the MaeII fragment (positions 107 to 2827) of pMx29 to obtain pSVrMxl, (ii) the flush-ended DraI-EcoRI fragment (positions 115 to 2528) of pMx36 to obtain pSVrMx2, (iii) the flush-ended complete EcoRI insert of pMx223 to obtain pSVrMx3, and (iv) the flush-ended 1,400-bp BglII fragment of htk cDNA to obtain pSVhtk. The mouse Mxl expression plasmid pSV40Mx/pglobin has been described earlier (17) .
Nuclear microinjection. Plasmid DNA was purified on an Elutip column (Schleicher and Schuell) and dialyzed against 0.002 M piperazine-N,N'-bis(2-ethanesulfonic acid) (pH 7 .2)-0.14 M KCl. The DNA was then injected into the nucleus of mouse 3T3 cells at a concentration of 0.4 mg/ml (17) .
Double immunofluorescence staining of virus-infected cells.
Microinjected mouse 3T3 cells were incubated for 16 to 44 h before they were infected with either influenza A/WSN virus or VSV as previously described (3). Seven hours after infection with influenza virus or 3 h after infection with VSV, the cells were fixed for 30 min with 2% formaldehyde in phosphate-buffered saline, pH 7.2, and permeabilized for 5 min with 0.05% Triton X-100 in phosphate-buffered saline.
Double indirect immunofluorescence staining for Mx proteins and viral proteins was done as follows. To detect Mx protein, cells were incubated with the monoclonal antimouse Mxl antibody 2C12 (22) , washed, and then incubated with affinity-purified goat (Fab)2 anti-mouse immunoglobulin G (IgG) antibody conjugated with fluorescein isothiocyanate. To detect viral antigens, cells were incubated either with a rabbit anti-influenza A/WSN virus antiserum or with a rabbit anti-VSV antiserum, washed, and then incubated with affinity-purified goat (Fab)2 anti-rabbit IgG antibody conjugated with tetramethylrhodamine isothiocyanate, and washed again. Double immunofluorescence staining for htk and viral proteins was done as follows. To detect htk, cells were incubated with a rabbit anti-htk antiserum, washed, and then incubated with affinity-purified goat (Fab)2 anti-rabbit IgG antibody conjugated with tetramethylrhodamine isothiocyanate. To detect viral antigens, cells were incubated either with a mouse anti-influenza A/PR8 virus antiserum or with a mouse monoclonal antibody (CIV/18) directed against the VSV G protein (2), washed, then incubated with affinitypurified goat (Fab)2 anti-mouse IgG antibody conjugated with fluorescein isothiocyanate, and washed again. Preparations were observed with a Reichert-Jung Polyvar microscope equipped for incident light fluorescence microscopy.
Nucleotide sequence accession numbers. The nucleotide sequences reported in this article can be accessed in the EMBL, GenBank, and DDBJ Nucleotide Sequence Databases under the following numbers: X52711 (rat Mxl), X52712 (rat Mx2), and X52713 (rat Mx3). Northern blot analysis of rat poly(A)+ RNA with a mouse Mxl cDNA probe (Fig. 3, lane 2) or with each of the full-length rat Mx cDNA probes (data not shown) shows one band at 3.2 and one at 2.5 kb. To identify which rat cDNA is derived from which mRNA, probes from the unique 3' ends of the rat cDNAs were used. Each of these probes hybridizes specifically with its parental cDNA (data not shown).
The Mxl-specific probe detects an INF-induced mRNA of 3.2 kb (Fig. 3, lane 4) , and the Mx2-and Mx3-specific probes each detect an INF-induced mRNA of 2.5 kb (Fig. 3, lanes 6  and 8) , indicating that the Mx2 and Mx3 mRNAs comigrate.
According to the designations of the cDNAs, the predicted proteins are termed rat Mxl, Mx2, and Mx3 proteins. Their sequences are shown in Fig. 4 along with the mouse Mxl sequence published earlier (23 Fig. 1, stars in Fig. 4 ). These sequence elements are also conserved in all other published Mx sequences, that is, mouse, humans, fish and yeasts (9, 18, 19 ; for review, see reference 21). However, whether the respective proteins in fact bind GTP remains to be shown.
In vitro transcription/translation analysis of rat Mx cDNAs. To determine whether the cloned cDNAs are capable of directing the synthesis of the three authentic rat Mx proteins identified previously (15) , RNA was transcribed in vitro from the largest clone of each group and then translated in vitro. The protein products were immunoprecipitated with the monoclonal antibody 2C12 which reacts with all three rat Mx proteins (15) . The immunoprecipitated proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and compared with the three Mx proteins that are obtained by in vitro translation of poly(A)+ RNA from IFN-treated rat cells and that are known to comigrate with the three authentic Mx proteins from cell lysates (15) .
The results of the transcription and translation assays are shown in Fig. 5 . The poly(A)+ RNA-derived Mx proteins can be separated into a fast-, an intermediate-, and a slow-migrating protein (Fig. 5, lane 4) . The Mxl clone pMx29 yields as a major product a protein that comigrates with the fast Mx protein (apparent Mr = 72,000; Fig. 5 lines. To avoid the risk of selecting transformed cell lines that are nonpermissive for virus growth for reasons other than Mx protein expression, we decided to assay the proteins' activities in transient expression experiments. As shown above, high levels of Mx protein expression can be achieved by microinjection of suitable plasmids. Therefore, 3T3 cells injected with any one of the three plasmids were infected with influenza A/WSN virus 18 h after injection. Seven hours thereafter, the cells were fixed and processed for double indirect immunofluorescence to visualize both Mx protein expression and accumulation of viral antigens. As in the absence of infection, rat Mxl protein accumulated in the nuclei of these injected cells and both Mx2 and Mx3 proteins accumulated in the cytoplasm. Cells expressing rat Mxl protein were always negative for influenza virus antigens. In contrast, the majority of cells that express either rat Mx2 A quantitative analysis of the data is shown in Table 1 , experiment 1. The percentage of influenza virus-positive cells is significantly reduced only after injection of the Mxl expression plasmid. We noted that injection of the control htk plasmid slightly reduces the percentage of influenza virus proteins, compared with uninjected cells, as does injection of the Mx2 and Mx3 expression plasmids. This appears to be an unspecific effect of plasmid injection.
The effect of rat Mx proteins on VSV was tested much as described for influenza virus. Injected cells were exposed to virus, incubated for 3 h, and then fixed and stained for VSV proteins and Mx or htk proteins. The intracellular localization of Mx and htk proteins was not affected by infection with VSV (data not shown). A quantification of their anti-VSV activity is shown in Table 1 (18) .
Our observations combined with those made with the human Mx proteins indicate that the subcellular localization of Mx proteins, as evidenced by immunofluorescence staining, does not determine their antiviral specificities in all cases. Influenza viruses whose replication and transcription are nuclear are inhibited by both the nuclear rat Mxl and the cytoplasmic human MxA proteins, and VSV, whose replication takes place entirely in the cytoplasm, is also arrested by both nuclear (rat Mxl) and cytoplasmic (rat Mx2 and human MxA) proteins. This discrepancy could be explained in two ways. It is possible that Mx proteins operate against viruses indirectly, that is, by modifying other cellular proteins which then serve as modulators of viral replication in the relevant cellular compartment. Alternatively, they could interfere directly with one or several steps in the respective viral replication cycles, and some of them may do so at locations where they cannot be detected by the immunofluorescence assay. Thus, it is possible that a fraction of rat Mxl protein inhibits VSV in the cytoplasm, even though rat Mxl is undetectable in this cellular compartment. In either case, the virus specificity of an Mx protein is determined by its structure; for instance, the carboxyl-terminal region, in which the different Mx proteins show the least conservation, could be the determinant of specificity. It remains to be shown what role the more conserved amino-terminal portions (and within them the conserved sequence elements characteristic of GTP-binding proteins) play and at which precise step each of the Mx proteins interfere with the growth of the virus or the viruses they inhibit. Such analyses will reveal whether different viruses are inhibited at equivalent or distinct steps and why many viruses are not adversely affected by Mx proteins.
The murine Mxl protein has been used successfully to confer influenza resistance to Mxl-negative, influenza virussusceptible mice by germ line transformation (4 10, 1990 .
